Abstract We developed a substitute for serum to produce fed-batch cultures of hybridoma cells in serum-free medium and confirmed that the cells could be successfully cultivated this way. Our substitute consisted of 12 components. The specific production rates of lactate and ammonia, which are harmful byproducts from the cells, were significantly reduced compared with a conventional serum-containing batch culture. This reduction led to a higher cell concentration and a longer production lifetime. As a result, the final concentration of monoclonal antibody was 400 mg/L, or five times greater than that in the conventional serum-containing batch culture. The developed substitute is expected to enable fed-batch cultivation in a serum-free condition.
Introduction
Fed-batch cultivation of mammalian cells has been routinely used for industrial production of biological compounds (Reuveny et al. 1985; Spier 1994; Liddell and Weeks 1995; Khoudi et al. 1999) . In vitro culturing of hybridoma cells has been extensively studied for a high production rate of monoclonal antibody for several decades, and many efficient nutrient feeding strategies have been developed (Glacken 1987; Bibila and Robinson 1995; Distefano et al. 1996; Birch and Racher 2006) . The most important strategy for doing fed-batch culture is to reduce the formation of byproducts, such as lactate and ammonia, and keep the nutrient concentration balanced and stable. Low accumulation of metabolites is critical to produce a high viable cell density and a long production lifetime, which can lead to high production of biological compounds. Cell growth over time, i.e. the integral of viable cells (IVC) is often used as an indicator for a cultivation producing monoclonal antibody. Lactate and ammonia are derived mainly from the cellular metabolism K. Shibuya (&) Á R. Haga Á M. Namba Power & Industrial Systems R&D Laboratory, Hitachi, Ltd., 7-2-1, Omika-cho, Hitachi-shi, Ibaraki 319-1221, Japan e-mail: keisuke.shibuya.ar@hitachi.com of glucose and glutamine, respectively. Their production can be partly decreased by reducing the glucose and glutamine concentrations in the medium. In recent studies, effective cultures of hybridoma and Chinese hamster ovary (CHO) cells have been developed through comprehensive research on nutrient metabolism (Bibila and Robinson 1995; Distefano et al. 1996; Birch and Racher 2006) . The models in these studies incorporated not only major pathways of glucose and glutamine metabolism but also pathways of other amino acids into the stoichiometric model. As a result, highly efficient production of monoclonal antibody was achieved.
However, most of these studies have been done using serum-supplemented culture systems. Using serum is undesirable for the following reasons. Firstly, there have been a lot of problems related to virus infections transmitted by animal serum for production of biological compounds which can threaten safety of the products. Secondly, experimental data can be greatly affected by serum lots which have much influence on cell proliferation. Another point to consider is unknown factors in serum might affect the cellular metabolism and complicate optimizing nutrient feeding. Therefore, in this study, we have developed a manageable substitute for serum for fed-batch cultures of hybridoma cells and confirmed the cells could be successfully cultivated using our developed substitute.
Strategies for serum-free fed-batch cultivation
Mammalian cells require a complex nutrient environment for growth and survival in vitro. The typical cell culture medium is composed of carbon sources such as glucose, amino acids, vitamins, inorganic salts, buffers and various other components including serum. Some of the components, such as inorganic salts, are generally abundant, while others are often present in small amounts for cell growth. Some of the components are consumed in large amounts, but there must be others such as trace metals which are essential for biological functions even though they are consumed at a low level. A medium for batch cultivation must contain abundant nutrients at high concentrations whereas a medium for fed-batch cultivation are controlled to contain low concentration levels of glucose and amino acids according to a variety of stoichiometric models. Most of the fedbatch cultivations reported so far have been done by adding serum into the initial medium. However, to reduce unknown risks arising from serum when fedbatch cultivation is carried out, it would be very useful if there were a material of confirmed ingredients that could replace serum. Recently, some serumfree media for batch cultivation have been developed and released commercially. We tested some of these available serum-free media, and after confirming the proliferation of CRL-1606 and CHO cells in batch cultivation experimentally, which is not generally known, we chose IBL Media III (Immuno-Biological Laboratories, Takasaki, Japan) as a model for the development of a substitute for serum in fed-batch cultivation that has all the components needed for cell growth and survival by CRL-1606 and CHO cells.
For the first step, we analyzed all ingredients in IBL media III and categorized them into four groups: glucose and amino acids group, B vitamins group, inorganic salts group, and others. Moreover, the components in IBL Media III are divided logically into two categories which are modifiable and not modifiable for fed-batch cultivation.
Glucose and amino acids group
Glucose and amino acids are ingredients of IBL Media III. They are the most important factor for design of feeding media and should be added into media under a stoichiometric model, therefore, they were not considered as the components for a substitute for serum.
B vitamins group
Vitamins are essential for cell growth in vitro. Many important enzymes and cofactors are synthesized from vitamins. Nine B vitamins are contained in IBL Media III. A brief description for each vitamin and its physiological functions in cells are as follows. Thiamine pyrophosphate is a coenzyme for several enzymes that catalyze the dehydrogenation of alpha-keto acids. Riboflavin is the central component of the cofactors flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). Nicotinamide is incorporated into nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) which function as coenzymes in a wide variety of enzymatic oxidation-reduction reactions essential for lipid metabolism, and glycogenolysis. Pantothenic acid is needed to form coenzyme-A (CoA), and is critical in the metabolism and synthesis of carbohydrates, proteins, and fats. Biotin is used in cell growth, the production of fatty acids, metabolism of fats, and amino acids. Folic acid is necessary for the production and maintenance of new cells. Cyanocobalamin is involved in cell metabolism, and especially affects DNA synthesis and regulation as well as fatty acid synthesis and energy production. Choline is one of the major donors for the one carbon metabolism. Inositol is needed for intracellular calcium concentration control, cell membrane potential maintenance and gene expression.
Thus, all of the B vitamins in the media are considered to be critical for cell survival and growth. Apoptosis at a late phase is a controversial issue for improving production of antibodies. The impact on apoptosis by depriving the media of the B vitamins group has been reported (Ishaque and Al-Rubeai 2002) . Deletion of either pantothenic acid (D-Ca pantothenate), choline chloride, or riboflavin was responsible for the development of apoptosis. Media should not end up being deprived of B vitamins and we should keep more than limit concentrations by adding feeding media containing B vitamins. Most feeding media contain B vitamins whose composition is usually determined empirically (Eagle 1955) . Regarding all these factors, as B vitamins should be added into the initial media and feeding media, we did not include them in the components of a substitute for serum.
The concentrations of vitamins in both the initial medium and the feeding medium were decided by following to Xie et al. work (1994) , where the concentrations were decided so that they were not depleted under appropriate feeding control. In our study the vitamin concentrations were not analyzed due to the lack of a routine assay procedure. However, the amounts of vitamins added in fedbatch cultivations exceeded the requirements for cell growth. For example, in the experiment fed with the feeding media, the amount of vitamins added was estimated to be sufficient to attain a cell density of 3.8 9 10 6 cells mL -1 , whereas the total cell density reached only 3.0 9 10 6 cells mL -1 .
Inorganic salts group
Mammalian cells also consume significant amounts of metal ions and phosphorus in the form of phosphate. Most of the inorganic salts are present in excess in the basal medium, which is used in batch culture by mixing it with serum, to maintain a physiological osmolality. When an initial medium is designed, organic salts and their concentrations are determined by following the basal medium for targeted cells. Therefore these components should be added into the initial medium and they were not selected for the components of a substitute for serum.
Others
After we excluded glucose and amino acids, B vitamins and inorganic salts from IBL Media III, 12 components (Table 1) were left. A summary for each component and its physiological functions in cells follows below.
Insulin is a hormone that promotes glucose and amino acid uptake by the cell (Umpleby and RussellJones 1996) . Transferrin is an iron transport protein that functions to transport iron into the cell (Yabe et al. 1987) . Glutathione is also needed for the detoxification of methylglyoxal, a toxin produced as a by-product of metabolism (Abordo et al. 1999) . Sodium selenite is a source of selenium found in many food supplements. Selenium is an enzyme cofactor that activates glutathione peroxidase, a player in the detoxification of oxygen radicals (Guérin and Gauthier 2003) . p-Aminobenzoic acid is used in the formation of folic acid and the metabolism of protein (Whiteside-Carlson and Carlson 1949) . Pyridoxine hydrochloride acts as a coenzyme in all transamination reactions, and in some decarboxylation and deamination reactions of amino acids (Yoshimura et al. 1996) . Pyruvate is a key intersection in the network of metabolic pathways (De Meirleir 2002) . Pyruvate is supplied in the form of sodium salt in the culture medium. Hypoxanthine is involved in DNA repair by preventing formation of deaminated adenine residues (Karran and Lindahl 1980) . Hypoxanthine is added in the form of disodium salt in the culture medium. Linoleic acid leads to reinitiation of DNA synthesis and growth when added to quiescent cells (Holley and Kiernan 1974) . The conjugate base of lipoic acid is lipoate which is mainly present at physiological conditions. Lipoate is able to scavenge reactive oxygen species and reduce other metabolites (Tirosh et al. 1999 ). Putrescine appears to be a growth factor necessary for cell division (Sjöholm 1993 ). Dihydrochloride salt is used for the source of putrescine in the culture medium. Thymidine is significant because of its involvement in the biosynthesis of DNA and in the preservation and transfer of genetic information (Sismour and Benner 2005) . After considering the above information, the remaining 12 components seemed to allow cells to survive, so we chose them as the components for the substitute to be developed, though some of the components might be non-essential to cells. In addition to that, we had to consider the special features of the fed-batch cultivation to determine the concentration of the components for the substitute. It has been reported that fed-batch cultivation produces several times more maximum viable cells than batch cultivation does and it also needs a longer cultivation time than batch cultivation does, which means that the effective components in the initial medium might degrade and they might be present in too-small amounts at the late phase of fed-batch cultivation. Though we did not analyze the degradation of initial media in this study due to the lack of a routine assay procedure, for instance, insulin, which is one of the remaining 12 components, is reported to degrade with increasing incubation time at 37°C in isolated swine adipocytes (Etherton et al. 1984) . In Etherton et al.'s report, insulin decreased by half in 2 h. After we considered all these factors, we prepared two substitutes for serum, which we called Substitute (standard concentration) and Substitute (high concentration); their compositions are shown in Table 1 . Substitute (standard concentration) was prepared from the selected 12 components from IBL Media III. Substitute (high concentration) had 10-fold higher concentrations of the components of Substitute (standard concentration). This was done based on the fact that IBL Media III is designed for batch cultivation and it is known that fed-batch cultivation has a 10-fold larger IVC than batch cultivation.
Materials and methods

Cell line and culture medium
The host cell line in this experiment was a mousemouse hybridoma, CRL-1606, producing anti-human fibronectin monoclonal antibody. We purchased the cell line from American Type Culture Collection (ATCC; Manassas, VA).
In the serum-containing batch culture we used Iscove's Modified Dulbecco's Medium (IMDM; Sigma-Aldrich, St. Louis, MO) and 5% of fetal bovine serum (BioSource International, Inc., Camarillo, CA). In the serum-free batch culture we used IBL Media III medium (Immuno-Biological Laboratories, Takasaki, Japan).
In the serum-free fed-batch cultivation we prepared the culture medium according to the method of Xie and Wang (1994) . The culture medium consisted of an initial medium and a feeding medium. The initial medium was based on IMDM, which is often used in combination with serum for the conventional cultivation of hybridoma. The concentration of vitamins in the initial medium was similar to that in IMDM. However, to reduce harmful ammonia formation, the levels of amino acids were kept lower than in IMDM. In this fedbatch culture we prepared the initial medium just using the 12 components shown in Table 1 instead of serum. For the source of the inorganic salts, we used IBL Media III. The feeding medium contained multiple nutrients with a stoichiometrically balanced composition. These nutrients were controlled simultaneously through feeding by controlling one of them. The feeding medium had the same composition as the medium of Xie and Wang did. All ingredients of the medium we used are shown in Table 2 .
Culture conditions
The experiment was performed in a 1-L bioreactor (Able Co., Tokyo, Japan) with a volume of 800 mL of culture medium and an initial cell density of 1 9 10 8 cells L -1 at a stirring rate of 30 rpm at 37°C. Dissolved oxygen was monitored and controlled at 60% of saturated air by adjusting the inlet gas composition. The inlet gas, composed of oxygen, carbon dioxide, and nitrogen, was passed through a porous (10 lm) SUS316 sparger immersed in the culture medium at a gas flow rate of 1 mL min -1 . pH was controlled at 7.2 by the addition of 0.5 M NaOH. We aseptically took 5 mL of samples two or three times a day to measure the density and viability of the cells as well as the concentrations of glutamine, glucose, ammonia and lactate. After centrifugation at 800g for 10 min, supernatant was then stored at -20°C for later analysis of monoclonal antibody concentration. In the fed-batch culture, feeding medium was added to maintain a relatively constant nutritional environment. Volume of feeding medium was decided by prediction of cell growth using the following equation when we took samples every 12 h. As the concentration of components of feeding medium was very high, the volume of feeding medium was very small, (less than 40 mL against 800 mL of media in the reactor at one time.
Xie and Wang controlled the concentration of nutrients at a low level without depletion of nutrients through their cultivation and we did a fed-batch cultivation applying the same feeding strategy as for Xie and Wang. So we thought the concentration of medium components in supernatant was less than that in batch cultivation and not depleted. We adopted glutamine as an indicator for feeding control. The glutamine concentration ranged from 0.3 to 1.8 mM for the cultivations.
Analytical methods
The concentration of viable cells and viability were automatically determined using the Vi-CELLTM automated cell viability analyzer (Beckman Coulter, Fullerton, CA). The concentration of the main components of the culture medium such as glucose, glutamine, glutamate, ammonia and lactate was determined using a Nova Bioprofile 100 Plus Analyzer (Nova Biomedical Corp., Waltham, MA). The enzyme-linked immunosorption assay (ELISA) was employed to determine the antibody titer. Cells were centrifuged for 10 min at 800g with a centrifuge (Kokusan, Tokyo, Japan) prior to the antibody assay. Kappa mouse IgG1 (Sigma-Aldrich Corp., St. Louis, MO) was used as a standard. First, 100 mL antigen solution (antibody to mouse IgG1; Sigma) were placed in a 96-well microtiter plate and incubated for 1 h. After rinsing with 3 9 100 mL washing buffer (1:10 diluted Block Ace solution plus 0.05% Tween20; Snow Brand Milk Products Co., Ltd., Tokyo, Japan), the wells were blocked with 1:4 diluted Block Ace solution at 37°C for 1 h. Samples were added to the wells, and antibody was able to bind to them by incubating the wells at 37°C for 1 h. The wells were then washed three times with washing buffer. Bound antibodies were detected with alkaline phosphatase conjugate antibody (Vector Laboratories, Inc., Burlingame, CA). Incubation and washing steps were as described above. Signals were developed with p-nitrophenyl phosphate (PNPP) substrate (Vector Laboratories, Inc., Burlingame, CA), and the absorbance at 405 nm was measured.
Results and discussion
A fed-batch example of CRL-1606 cell line is given here to demonstrate the fed-batch capacity and potential of using our developed substitute for serum. We conducted fed-batch and batch cultivations in 1-L bioreactors under appropriate conditions. Fed batch cultivations were conducted with initial medium containing Substitute (standard concentration) or Substitute (high concentration) instead of serum and feeding medium which was designed by Xie and Wang (1994) . In batch cultivations, Iscove's Modified Dulbecco's medium (IMDM) containing 5% fetal bovine serum was used as a conventional cultivation, while IBL Media III was used in order to compare with serum-free fed-batch cultivation. All ingredients of the medium used in our study are shown in Table 2 . 
Cell growth
We confirmed that CRL-1606 cells could survive and grow in a serum-free fed-batch cultivation just by adding Substitute (standard concentration) or Substitute (high concentration) instead of serum. As shown in Fig. 1 these cells began to increase after a lag phase and decreased after about 490 h. But significant differences were seen between Substitute (standard concentration) and Substitute (high concentration) regarding the proliferation. In the case of using Substitute (high concentration) viable cells increased continuously until the end of the culture and reached 3 9 10 9 cells L -1
while in the case of using Substitute (standard concentration) viable cells increased until 140 h and then viable cell density was maintained at a constant value of 1 9 10 9 cells L -1
. A fed-batch cultivation with Substitute (standard concentration) had early entry into the stationary phase and the stationary phase was long. We attribute that to the following. In Bordetella pertussis, transcript abundance levels are varied in response to nutrient depletion and then they enter into the stationary phase in order to survive longer (Nakamura et al. 2006) . So depletion of some nutrients of Substitute (standard concentration) might lead the cells to enter the stationary phase. The values of proliferation and viable cell density in fed-batch cultivation were higher than those of batch cultivation. IVC of fed-batch cultivation using Substitute (high concentration) and Substitute (standard concentration) were 0.54 and 0.32 9 10 12 cells h L -1 , respectively. These values were much larger than those of serum-containing and serum-free batch cultures, which were 0.1 and 0.02 9 10 12 cells h L -1
, respectively. In conclusion, effective fed-batch cultivations could be carried out by applying Substitute (standard concentration) and Substitute (high concentration).
Production of lactate and ammonia Figure 2 shows production of byproducts, ammonia and lactate, correlated with IVC. Production of ammonia increased concomitant with IVC ( Fig. 2A) . Fig. 1 A growth profile of CRL-1606 cells in fed-batch cultures using designed substitutes and conventional batch cultures. Medium in batch cultivations with serum and with Substitute (standard concentration) were Iscove's Modified Dulbecco's medium (IMDM) containing 5% fetal bovine serum and IBL Media III, respectively. Fed-batch cultivations with Substitute (standard concentration) and Substitute (high concentration) were done with IMDM based initial medium containing Substitute (standard concentration) or Substitute (high concentration) instead of serum and feeding medium. The feeding medium was designed by Xie and Wang (1994) Cytotechnology (2008) 57:187-197 193 The specific formation rate of ammonia (the slope of the line) varied depending on the stage of a culture but significant differences were not seen between fedbatch cultivations with Substitute (high concentration) and Substitute (standard concentration) nor between batch cultivation with serum and batch cultivation with Substitute (standard concentration). The slope of the line for fed-batch cultivations was lower than that of batch cultivations at every IVC value. This means that the difference in slope (ammonia production rate) is not due to the difference in ingredients between Substitute (high concentration) and Substitute (standard concentration) and serum, but due to culture methods (fedbatch or batch). The specific formation rate of lactate (the slope of the line) varied depending on the stage of a culture (Fig. 2B ). Significant differences of specific formation rate of lactate were not seen between cultivations. But interestingly, production of lactate was changed to consumption in the case of fed-batch cultivation with Substitute (high concentration). Though glucose is the most preferred source for glycolysis, after cell growth approached an apparent stationary phase, the cellular metabolism seems to have shifted from glucose to lactate consumption. Lactate can also be utilized together with glucose as carbon and energy sources with an approximate molar exchange of one glucose molecule = two lactate molecules when glucose is limiting. Therefore both lactate and glucose can be considered as carbon and energy sources and the cumulative consumption of glucose and lactate combined Q GL exhibits a linear relationship relative to the IVC in CHO cells. Q GL is defined as follows:
where G represents glucose concentration and L represents lactate concentration. Though L 0 -L t is less than 0 at the early stage of cultivation, lactate can be produced and stocked as an energy source (Tsao et al. 2005 ). Therefore we investigated the relationship between cumulative consumption of glucose and lactate combined and IVC in our fed-batch cultivation and found the linear relationship between them as shown in Fig. 3 . Judging from this result, consumption Ammonia production (mM) Fig. 2 Comparison of by-products production in fed-batch culture using designed substitutes and conventional batch cultures. Medium in batch cultivations with serum and with Substitute (standard concentration) were Iscove's Modified Dulbecco's medium (IMDM) containing 5% fetal bovine serum and IBL Media III, respectively. Fed-batch cultivations with Substitute (standard concentration) and Substitute (high concentration) were done with IMDM based initial medium containing Substitute (standard concentration) or Substitute (high concentration) instead of serum and feeding medium.
The feeding medium was designed by Xie and Wang (1994) 
, where G represents glucose concentration and L represents lactate concentration. Fed-batch cultivations with Substitute (standard concentration) and Substitute (high concentration) were done with IMDM based initial medium containing Substitute (standard concentration) or Substitute (high concentration) instead of serum and feeding medium. The feeding medium was designed by Xie and Wang (1994) of lactate is probably due to utilization of lactate as carbon and energy sources, though the mechanism is unclear still.
This feature is very useful for producing antibodies because lactate is known to inhibit antibody production (Glacken 1987) . In fed-batch cultivation with Substitute (high concentration) lactate concentration was cut to 3.1 mM. So the improvement of the antibody production rate at the late stage in fed-batch culture is thought to be due to reduction of lactate concentration.
Production of antibody
The concentrations of antibody increased concomitant with the integrated value of viable density over time as shown in Fig. 4 . All of the production rates of antibody exhibited a linear relationship relative to the IVC below 3.4 9 10 12 cells h L -1 The production rate of antibody with Substitute (standard concentration) was almost the same as that of Substitute (high concentration), but the production rate of antibody with serum was a little higher than that of substitutes. This means serum is a little more effective than our substitutes. Above the IVC value of 3.4 9 10 12 cells h L -1 , the antibody production rate increased dramatically. This is thought to be due to decrease of lactate concentration, as we stated. The enhancement of antibody production by the fed-batch cultivation was due to the increase of ICV. The final concentration of monoclonal antibody of the serum-free fed-batch culture was 400 mg L -1 , or five times greater than that in the serum-containing batch culture, which is the conventional method.
Comparison of culture performance
We prepared two substitutes for serum, Substitute (standard concentration) and Substitute (high concentration) and compared their performances. As stated above, Substitute (high concentration) had better performance in fed-batch cultivation than Substitute (standard concentration), therefore we would like to propose Substitute (high concentration) as a substitute for serum. Culture performances among batch and fed-batch experiments are summarized in Table 3 .
In the case of fed-batch cultivation with Substitute (high concentration) for serum, both maximum viable cell density and culture time were extended significantly, compared to serum-free and serumcontaining batch cultures. The value of IVC reached 0.54 9 10 12 cells h L -1 , or more than five times that of conventional batch culture using serum in mammalian cells. As a result, we could get large production of antibody. From the viewpoint of productivity per day, the value in this fed-batch was 19 mg L -1 day -1 . It was 1.5-fold higher than the productivity per day for conventional batch culture, though the fed-batch culture needed a longer culture time than the batch culture. Higher concentration of antibody is considered to be better for manufacturing production because low concentration of antibody leads to a bigger loss during purification (Fahrner et al. 1999 ). There was no marked difference for average specific antibody production rate between fed-batch and conventional batch cultures, though Substitute (high concentration) was thought to be less effective than serum as stated above. It was because the amount of lactate, an inhibitor for producing antibody was dramatically reduced at the late stage of fed-batch cultivation.
Average specific formation rate of ammonia was 0.014 9 10 -9 mmole cell -1 h -1 , a decrease of 60% Fig. 4 Comparison of antibody concentrations in fed-batch cultures using designed substitutes and conventional batch cultures plotted against integral of viable cells (IVC). Medium in batch cultivations with serum and with Substitute (standard concentration) were Iscove's Modified Dulbecco's medium (IMDM) containing 5% fetal bovine serum and IBL Media III, respectively. Fed-batch cultivations with Substitute (standard concentration) and Substitute (high concentration) were done with IMDM based initial medium containing Substitute (standard concentration) or Substitute (high concentration) instead of serum and feeding medium. The feeding medium was designed by Xie and Wang (1994) from batch cultivation. Average specific formation rate of lactate was 0.006 9 10 -9 mmole cell -1 h -1 , a decrease of 98% from batch cultivation. Thus, the rates of average specific formation of ammonia and lactate were significantly reduced by keeping glucose, glutamine and other amino acids at a low level through feeding control of concentration based on a stoichiometric model. Thus, the Substitute (high concentration) we developed was effective for maintaining the features of a fed-batch cultivation. We consider serum substitute to have a potential for application to other cell lines as we could culture CHO cells successfully in the batch cultivation using Substitute (high concentration) and to satisfy various user needs for fed-batch cultivation.
Conclusion
A substitute for serum for fed-batch cultivation has been developed and it has been confirmed to effectively cut the amounts of ammonia and lactate formed as byproducts and to enhance monoclonal antibody production in the serum-free fed-batch culture of CRL-1606 cells. Judging from the proliferation of CHO cells in a batch cultivation using the substitute, we expect that our developed substitute will be suitable for fed-batch culture application to other cell lines (e.g. CHO cells) and it is expected to facilitate serum-free fed-batch culturing. 
